ABC excinuclease of Escherichia coli removes 6-4 photoproducts and pyrimidine dimers from DNA by making two single strand incisions, one 8 phosphodiester bonds 5' and another 4 or 5 phosphodiester bonds 3' to the lesion. We describe in this communication a method, which utilizes DNA photolyase from E. coli, pyrimidine dimer endonucleases from M. luteus and bacteriophage T4, and alkali hydrolysis, for analyzing the ABC excinuclease incision pattern corresponding to each of these photoproducts in a DNA fragment. On occasion, ABC excinuclease does not incise DNA exclusively 8 phosphodiester bonds 5' or 4 or 5 phosphodiester bonds 3' to the photoproduct. Both the nature of the adduct (6-4 photoproduct or pyrimidine dimer) and the sequence of neighboring nucleotides influence the incision pattern of ABC excinuclease. We show directly that photolyase stimulates the removal of pyriaidine dimers (but not 6-4 photoproducts) by the excinuclease. Also, photolyase does not repair CC pyrimidine dimers efficiently while it does repair TT or TC pyrimidine dimers.
INTRODUCTION
ABC excinuclease is an ATP dependent DNA repair enzyme composed of three subunits, the UvrA (M = 103,874), UvrB (M = 76,118), and UvrC (M = 66,038) proteins (reviewed in 1, 2-4). Using DNA fragments randomly modified with ultraviolet light, it has been concluded that the enzyme hydrolyzes the 8th phosphodiester bond 5' and the 4th or 5th phosphodiester bond 3' to UV induced pyrimidine dimers and 6-4 photoproducts (5, 6) . Because the ABC excinuclease incision pattern for both of these photoproducts appears to be identical, it has been impossible to study directly the relative contribution of each photoproduct to the 5' and 3 1 incisions. Using DNA photolyase, we nave extended the work of Lippke et al. (7) by designing a method for determining the approximate frequency of formation of each type of photoproduct at a specific pair of nucleotides on a DNA fragment. This method takes advantage of the pyrimidine dimer specificity of both E. coli DNA photolyase and H. luteus and T4-phage pyrimidine dimer endonucleases as well of the susceptibility of 6-4 photoproducts to alkali hydrolysis.
of this method to the analysis of non-standard incisions made by ABC excinuclease.
Analysis of the digestion products of damaged DNA on sequencing gels reveals bands that are not consistent with the general pattern of ABC excinuclease incision. Of particular importance is the observation that, with 5' labeled DNA, bands appear which correspond to cutting at the 7th instead of the 8th phosphodiester bond (7 nucleotides) 5' to the DNA adduct (5, 8) .
In this study, we have investigated the apparent plasticity in the ABC excinuclease cleavage specificity with regard to hydrolysis of phosphodiester bonds both 5 1 and 3' to DNA damage. We have used the method described above to address the question of whether this flexibility in the cutting pattern is caused by the type of UV induced DNA adduct or the nucleotide sequence surrounding the adduct and hence the local DNA structure.
MATERIALS AND METHODS

Materials.
Restriction enzymes, bacterial alkaline phosphatase, polynucleotide kinase and DNA polymerase I (Klenow fragment) were purchased from New England BioLabs, Bethesda Research Laboratory and Boehringer Mannheim Biochemicals, radioisotopes were obtained from Amersham and ICN.
Enzymes.
The subunits of ABC excinuclease were purified separately and the enzyme was reconstituted from the individually purified subunits (9) . E.
coli DNA photolyase was purified as described previously (10) . H. luteus UV endonuclease was a generous gift of Dr. P. Doetsch (Emory University) and TA-phage endonuclease V (endo V) was kindly provided by Dr. D. Brash (NIH).
Substrates.
The substrates for these studies were restriction fragments from pUNC 1986 (a plasmid carrying the uvrA gene) (2) . Specifically, the fragment for Uniformly labeled DNA was prepared by the primer extension method using M13mp7 template, the commercially available primer (Bethesda Research Laboratory) and all four dNTPs of which the dATP contained 32 P at the or position. The radiolabeled M13mp7 was separated from unincorporated 32 PdATP by electrophoresis on a 5% polyacrylamide gel. The full length DNA band was sliced from the gel, electroeluted, and dialyzed against 10 mM
Tris-HCl, pH 7.4, 10 mM NaCl, and 1 mM EDTA.
Enzymatic assays and analysis of the reaction products. The relative frequency at which a pair of nucleotides in a DNA fragment form 6-4 photoproducts and pyriraidine dimers upon UV irradiation can be determined by taking advantage of the pyrimidine dimer specificity of DNA photolyase, M. luteus UV endonuclease, and endo V (12, (14) (15) (16) as well as the susceptibility of 6-4 photoproducts to alkali hydrolysis (7, 17) . result from the photoproduct at T 70 T 71 (Fig. 1, lane 2) . All other incisions produced by ABC excinuclease in this fragment are 7 nucleotides 5'
to a pyrimidine-pyrimidine sequence and are thus consistent with hydrolysis of the 8th phosphodiester bond 5' to a pyrimidine dimer or a 6-4 photoproduct.
The cause of staRgered incisions 5' to UV photoproducts.
To determine whether the staggering caused by the photoproducts at T45T46 and ITOTJI were due to pyrimidine dimers, 6-4 photoproducts or both adducts, we examined the ABC excinuclease incision pattern after treatment of this fragment with UV light and E. coli DNA photolyase. Thus, we conclude that the ABC excinuclease incisions of photoreactivated DNA are not caused by pyrimidine dimers but by other photoproducts. Alkali hydrolysis of the photoreactivated DNA strongly suggests that these nondimer adducts are 6-4 photoproducts (see figure 2 ) (7).
Having established the identity of the UV photoproducts, we can now answer the question of which photoproducts are responsible for staggering.
The adduct at T45T46 is completely eliminated by photoreactivation as determined by both ABC excinuclease and M. luteus UV endonuclease digestion and, therefore, must be a pyrimidine dimer (Fig. lb, lanes 4 and 12, respectively). This dimer results in incisions at the 6th, 7th and 8th phosphodiester bonds 5' to the DNA adduct. In contrast, incision at the GgzTes'and T 63 G64
phosphodiester bonds seems to result from the 6-4 photoproduct at TyoTyx:
the intensity of the band corresponding to the distal incision is enhanced by photolyase in the dark but the intensity of the proximal incision is not influenced (Fig. 1, lane 3) . Following photoreactivation, all of the pyrimidine dimers are eliminated from this site as determined by H. luteus UV endonuclease digestion, but photoreactivation does not eliminate the staggered ABC excinuclease cuts, rather it changes their relative frequencies. The excinuclease incision at the G 6 2Te3 phosphodiester bond, which is enhanced by photolyase in the dark, is reduced in intensity (but not eliminated), following photoreactivation suggesting that ABC excinuclease mediated incision at this site is primarily due to the pyrimidine dimer and partially to 6-4 photoproduct. The nuclease incisions at T 63 G 64 are essentially unchanged by preincubating the fragment with photolyase either in the dark or with photoreactivating light and, therefore, are caused by a 6-4 photoproduct. While a pyrimidine dimer at T 7 oT 71 is removed by ABC excinuclease by incision of the 8th phosphodiester bond, a 6-4 photoproduct at this site causes incision by the enzyme either at the 7th or 8th phosphodiester bond.
In summary, these data suggest that staggering in the 5' cleavage pattern of ABC excinuclease can result from either a pyrimidine dimer or a 6-4 photoproduct.
The incisions on the 3' side.
The results presented above establish that ABC excinuclease cleaves 5'
to the two major DNA UV photoproducts and that, on occasion, either photoproduct can cause "atypical" incisions 5 In figure 4 , we have sumnarized our conclusions regarding the alternate ABC excinuclease incision sites. The pyrimidine dimer at T45T46 causes incisions at the 6th, 7th, or 8th phosphodiester bonds 5' and the 5th phosphodiester bond 3' to the dimer. The pyrimidine dimer at T 7 oT 71 causes hydrolysis of the 8th phosphodiester bond 5' and the 4th through 9th phosphodiester bonds 3' to the dimer, whereas, the 6-4 photoproduct at T7oT 71 results in incisions at either the 7th or the 8th phosphodiester bond 5' and only the 5th phosphodiester bond 3' to the photoproduct.
The size of the excised oligonucleotide.
Based on examination of incision sites in a number of terminally labeled, UV irradiated DNA fragments, it was originally proposed (5) that ABC excinuclease removes UV photoproducts in the form of 12-13 nucleotidelong oligomers. The results presented here suggest that the excinuclease may remove photoproducts by excising oligonucleotides ranging in sizes from 10 to 16 bases (e.g., incision at the 7th 5' and the 4th 3' phosophodiester bonds relative to the T 70 T 71 photoproduct should produce an 11-mer). To investigate this possibility, UV irradiated DNA uniformly labeled with cr-32 P dATP was digested with the enzyme and the size of the excised fragments was determined on a DNA sequencing gel. The result is shown in Figure 5 . The excinuclease produces two major oligonucleotide classes which are 12 and 13 nucleotides in length. We do not, within the sensitivity of our assay, detect oligonucleotides less than 12 or greater than 13 bases in length.
However, the data for Figure 5 was obtained with DNA from a different source (M13mp7) than the one used in the experiments demonstrating staggering. It proved experimentally difficult to obtain sufficient quantities of uniformly labeled (Nci I -Nru I)102 fragment to carry out such excision experiments.
DISCUSSION
We have developed a method to study UV photoproduct distribution and frequenty at specific DNA sequences. Using this method we have studied the cause of non-standard ABC excinuclease incisions in UV-irradiated DNA, the action of photolyase on various types of pyrimidine dimers and the interactions of these two enzymes at the sites of UV photoproducts. Our main conclusions are listed below.
1)
ABC excinuclease generally hydrolyzes the 8th phosphodiester bond 5' and the 4th or 5th phosphodiester bond 3' to pyrimidine-pyrimidine sequences in UV irradiated DNA. However, analysis of the digestion products of terminally labeled, UV irradiated DN.A fragments occasionally reveals bands on DNA sequencing gels that do not correspond to the pattern predicted from this mode of action (5) . This may be due to several factors: a)
incisions caused by infrequent photoproducts, b) the uncoupled hydrolyses of the two phosphodiester bonds, c) hydrolysis of phosphodiester bonds other than the ones predicted by the standard excision mechanism. In this paper we have presented evidence for such alternate incision patterns.
2)
Both pyrimidine diners and 6-4 photoproducts, at certain locations, cause staggered incisions by ABC excinuclease. We have presented evidence that a TT dimer at a certain site is removed by hydrolysis of the 6th, 7th or 8th phosphodiester bond 5' to the dimer. Similarly, we have also shown that a 6-4 photoproduct at a certain location results in the hydrolysis by the excinuclease of the 7th or the 8th phosphodiester bond 5 1 to the photoproduct while a pyrimidine dimer at this location is removed almost exclusively by the hydrolysis of the 8th phosphodiester bond 5' to the dimer.
3) ABC excinuclease removes UV photoproducts in the form of 12 or 13 nucleotide-long oligomers.
If the enzyme hydrolyzes, at a significant frequency, the 7th instead of the 8th phosphodiester bond on the 5' side and either the 4th or the 5th phosphodiester bond on the 3' side of UV photoproducts, one would expect to see 11-mers excised by the enzyme in addition to 12-and 13-mers. We do not detect 11-mers by our assay and, therefore, conclude that non-standard incisions are rare. However, the production of 11-mers at some low frequency probably occurs, but could not be detected with our assay which is of insufficient sensitivity.
4)
ABC excinuclease efficiently removes 6-4 photoproducts from DNA.
Sancar and Rupp (5) and Franklin and Haseltine (21) previously reported data obtained in vitro and in vivo, respectively, supporting the removal of 6-4 photoproducts by ABC excinuclease. In this paper we have presented data directly demonstrating that the enzyme does remove 6-4 photoproducts: the enzyme removes non-photoreactivable, alkali-labile pyrimidine-pyrimidine photoproducts.
5)
E. coli DNA photolyase binds to pyrimidine dimers in the dark and stimulates their removal by ABC excinuclease. It was previously shown (18) that E. coli DNA photolyase stimulates the incision of UV-irradiated, but not of cisplatin damaged, DNA by ABC excinuclease. In this paper we have presented direct evidence that photolyase stimulates the removal of pyrimidine dimers by ABC excinuclease but has no effect on the nuclease's activity on 6-4 photoproducts. It can, therefore, be concluded that photolyase does not bind to 6-4 photoproducts.
6)
Photolyase shows dimer specificity both with regard to binding and photolysis. We find that TT dimers are good substrates for both binding and photolysis and that TC, CT and in particular CC dimers are not bound
